ABSTRACT We examined structural properties of poly dCC^^d^G^), the telomeric DNA sequence of the ciliated protozoan Tetrahymena. Under conditions of high negative supercoiling, poly d(C^A2)*d(T2G4) inserted in a circular plasraid vector was preferentially sensitive to digestion with SI nuclease. Only the C4A2 strand was sensitive to first-strand SI cutting, with a markedly skewed pattern of hypersensitive sites in tracts of either 46 or 7 tandem repeats. Linear poly d(C4A2)*(T2G4) showed no preferential SI sensitivity, no circular dichroisn spectra indicative of a Z-DNA conformation, no unusual Tm, and no unusual migration in polyacrylamide gel electrophoresis. The SI nuclease sensitivity properties are consistent with a model proposed previously for supercoiled poly d(CT)-d(AG) (Pulleyblank et al. , Cell ^2_:271-280, 1985), consisting of a double-stranded, protonated, right-handed underwound helix. We propose that this structure is shared by related teloraeric sequences and may play a role in their biological recognition.
INTRODUCTION
The specialized biological properties of telomeres, the ends of eukaryotic chromosomes, Imply that telomeric DNA sequences share recognizable structural features (reviewed in 1, 2). First, all eukaryotes examined to date have a similar type of telomeric sequence: tandemly repeated short G+C-rich sequence units, with an absolute or very strong strand bias of G versus C residues (3; reviewed in 1, 2). For example, the telomeres of the macronuclear DNA molecules of the ciliated protozoan Tetrahymena each consist of at least 50 tandem repeats of the sequence CCCCAA'TTGGGG, abbreviated here as poly d(C4A2)'d(T2G4>, with the G4T2 strand oriented 5' to 3' toward the end of the DNA molecule (4, 5) . Second, like another ciliate, Oxytricha, whose telomeres consist of short poly d(C4A4) # d(T4G4) stretches (6, 7) , the macronuclear telomeric DNA of Tetrahymena is packaged into non-nucleosomal complexes (8, 9, 10) . Third, a telomere-specific terminal transferase-like activity has been Identified and characterized in Tetrahymena cell free extracts (11) . This novel enzymic activity adds telomeric GGGGTT repeats, by de novo synthesis, to extend a DNA primer consisting of the G-rich strand of a telomeric sequence, and it Is thought to be Important for the complete replication of telomeres (11) . Furthermore, telomeric sequences not only of Tetrahymena but also of other eukaryotes such as yeast are specifically recognized and act as efficient primers for this activity (11, 12) . Finally, telomeric DNA sequences of ciliated protozoa are able to specify telomere function when they are introduced on purified linear molecules into yeast cells (13, 14) , although the telomeric sequence of yeast, (15) , is different from the telomeric sequences of ciliates.
The ability of nonhomologous telomeric sequences to be recognized in heterologous systems strongly suggests that these simple DNA sequences have characteristic structural properties. Conformations of double-stranded DNA which differ from the normal B-helix have been reported for several homocopolymeric sequences which are similar though not identical to those of telomeres -i.e. G+C-rich sequences with a strong strand bias of G and C residues (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) . However, the biological roles of many of these sequences (16) (17) (18) (19) (20) (21) (22) are not well understood. We therefore wished to determine whether telomeric DNA, which has a known biological function, has any distinguishing structural properties.
As a first step toward understanding the basis for biological recognition of telomeric DNA, we examined properties of the cloned telomeric DNA sequence of the clliate Tetrahymena. Several different criteria were tested to determine whether poly d(C4A2)*d(T2G4) had any structural or conforraational properties different from those of normal B-helix DNA.
In this paper we report that poly d(C4A2)*d(T2G4) inserted into a supercoiled plasmid is hypersensitive to cleavage by SI nuclease. A strandspecific, markedly skewed pattern of SI nuclease-sensitive sites was observed.
Our findings suggest that this telomeric DNA sequence can assume a distinguishable, probably double-stranded structure, unlikely to result from strand slippage, in torsionally stressed DNA. In contrast, poly d(C$A2)*d(T2G4) duplex DNA in linear form showed no unusual properties, by the criteria of SI nuclease sensitivity, melting temperature, circular dichroism and electrophoretic mobility in polyacrylamide gels.
MATERIALS AND METHODS

Construction of plasmlds containing inserts of poly d(C4A?)*d(T7G&)
Plasmid pCA2 was constructed from a parent plasmid, pTrel, which contains "4 kb of the telomeric region of the palindromic rDNA of Tetrahymena thermophila, including 56 terminally located tandem C4A2 repeats, inserted \ between the BamHI and PvuII sites of pBR322 (26) . Details of the cloning and sequence analysis of pTrel have been described elsewhere (26) . To subclone the poly d(C4A2)'d(T2G4) region, pTrel was digested with Ddel, which cuts the rDNA telomere-associated region at a position 150 bp away from the C4A2 repeats, and pBR322 at position 2286, 217 bp away from the end of the repeats in the rDNA insert. The C^A 2 -containing Ddel fragment was digested with Bal31 nuclease (New England Biolabs), removing "150 bp from each end, then with Hhal to remove all but 10 bp of the pBR322 sequence adjoining the C4A2 repeats. After SI nuclease treatment to produce blunt ends, BamHI linkers were ligated to the fragment and it was inserted into the BamHI site of pBR322 to produce the recorabinant plasraid pCA2 (Fig. la) .
Plasmid pCA3 was constructed by subcloning C4A2 repeats and the neighboring rDNA region from another parent plasmid, pllbl (27) , which contains a telomeric region of an 11 kb linear rDNA species found transiently in newly formed macronuclei of Tetrahymena (28) . We used a spontaneous deletion of plasmid pllbl containing 7 instead of the original 40 terminally-located C4A2
repeats, joined to "4 kb of unrearranged T.thermophila rDNA (12, 27) . This vector and 7 C4A2 repeats joined to ~2 kb of telomere-associated rDNA was recircularized to form pCA3 (Fig. la) .
DNA Samples
Plasmids were prepared by the modified alkaline method (29) or by the cleared lysate-Triton X100 procedure (30) 
RESULTS
Sequence Analysis of pCA2 and pCA3
The inserts containing poly d(C4A2>"d(T2G4) in plasmids pCA2 and pCA3
were sequenced. Supercoiled plasmids pCA3 (lanes 1 and 3) and pBR322 (lanes 2 and 4) were digested with SI nuclease as described in Materials and Methods and subsequently with Clal (lanes 1 and 2) or PstI (lanes 3 and 4). The hybridization probe was the nick-translated Ndel-Pvul fragment of pBR322 described in variant out of a total of "300 repeat units analyzed in these plasmids (15, 26, 27) .
Sensitivity of Double Stranded Poly d(C&A?)'d(T2GA) to SI Nuclease
We first determined the approximate locations of SI cleavage sites in plasmids pCA2 and pCA3, and in the vector plasmid pBR322 as a control. Each plasmid was treated with SI nuclease as described in Materials and Methods, using digestion conditions selected to linearize the plasmid. The SI nuclease treated DNA was then digested with a suitable restriction enzyme, and the plasmid fragments produced were fractionated by agarose gel electrophoresis, and hybridized with a 32 P labeled probe consisting of a p3R322 sequence. This allowed localization of positions at which the originally supercolled plasraid had been linearized by the SI nuclease. would have had the same sizes as those in lanes 1 and 5.
A similar analysis was carried out on pCA3, which has only 7 tandem C4A2
repeats. Figure 3 shows the results of an experiment In which supercoiled pCA3 was treated with SI nuclease under conditions which produced linearized pCA3 as a prominent product. The hybridization probe was the Ndel-Pvull fragment of pBR322 which extends between positions 2297 and 2069 in the pBR322 vector adjacent to the C4A2 repeats in the insert (Fig. la) . The band marked D In lanes 1 and 3 of Fig. 3 corresponds to cutting of pCA3 in its C4A2
repeats. As was found for pCA2, the major SI nuclease sensitive site In the pBR322 vector was also cut by SI nuclease digestion of pCA3 producing band B.
Band C results from cutting pCA3 within an A + T-rich sequence (26, 27) in the rDNA insert.
These results showed that as few as 7 tandem C4A2 repeats in supercoiled plasmids were sensitive to SI nuclease. Under the conditions of these experiments, the previously characterized major and minor SI sensitive sites Autoradiogram of SI nuclease products. Supercolled plasraids pCA2 (lanes 1-6) and pBR322 (lanes 7-12) were purified from host E.coll cells by either the alkaline method of Birnboim and Doly (29) (lanes 4-6, 10-12) or a lysis-Triton X-100 method (30) (lanes 1-3, 7-9 ) , and digested with SI nuclease at 50 or 10 ug/ml or no SI nuclease, as indicated. The SI treated DNA was subsequently digested with Hindlll. The hybridization probe was the nick-translated Mspl-BamHI fragment of pBR322 shown in Fig. la . Bands corresponding to the minor SI nuclease sensitive sites of pBR322 (37) are visible. Bracket indicates broad band resulting from SI cutting sites in poly ( in pCA2.
of supercoiled pBR322 (37) were also cut, and the major sensitive site remained the preferred site in plasmids containing C4A2 repeats.
To determine whether the sensitivity of C4A2 repeats to SI nuclease was dependent on the method of preparation of the plasmid DNA, pCA2 was prepared by either an alkaline method (29) or a cleared lysate-Triton X100 method which does not involve exposure of the DNA to high pH (30) . Plasraids prepared by both methods were digested in parallel with SI nuclease at two different concentrations, and analyzed as described above. As shown in Fig 4 for pCA2 and pBR322, the same patterns of SI nuclease sensitive sites were found for each plasmid prepared by both methods. The autoradiogram shown in Fig. 4 was scanned densitometrically, to confirm that there were no significant differences between the two types of DNA preparations (data not shown). Thus, the sensitivity of C4A2 repeats in supercoiled plasmids is not detectably influenced by the conditions of plasmid isolation. 
DISCUSSION
Conformation of Telomerlc DNA in Supercolled Plasmids
We have shown here that the telomeric sequence of Tetrahymena, when inserted into a supercoiled plasmid, is sensitive to cleavage by SI nuclease. The cleavage sites showed a skewed distribution along the stretch of telomeric DNA sequence, the most 3' C4A2 repeat unit not being susceptible. The distribution of SI nuclease sensitive bonds is summarized in Fig 9. A number of homopolyraeric or simple sequence DNAs can exist in SI nuclease sensitive structures which are distinguishable from normal B-DNA, under both torsionally stressed or unstressed conditions. A structure consistent with our observations is a right-handed helical form less tightly wound The pattern of SI nuclease sensitivity we observe for the telomeric repeated sequence also has some features in common with those observed for 
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